ABSTRACT Hessian fly, Mayetiola destructor (Say), puparial mortality was evaluated in three modern hay compressors that produce compressed standard and large-size bales for export to Asia-Pacific countries. Pressure on bales ranged from 93.4 to 139.4 kg/cm 2 , causing 90.0-99.9% mortality of 10,891-23,164 puparia. Puparial response to a cylinderized hydrogen phosphide (1.8-2%) and carbon dioxide (97.8-98%) gas mixture was evaluated as a potential quarantine treatment using 2-4 d-exposures to low, medium, and high doses of 0.73-0.86, 1.05-1.26, and 1.39-1.56 mg/liter, and temperatures of 5.87 6 1.14, 9.84 6 0.05, 16.14 6 0.14, and 20.35 6 0.11 C. Accumulative concentration multiplied by time products (mg h/liter) at all fumigation temperatures for low, medium, and high fumigant doses were 34.9-37.7, 52.2-54.3, and 67.9-73.1 for 2 d; 52.7-60.6, 77.9-89.2, and 102.1-110.7 for 3 d; and 69.9-82.0, 99.4-118.2, and 132.3-146.8 for 4 d, respectively. An increase in mortality was significantly related to an increase in fumigation duration at 5, 10, and 15 C, and an increase in fumigant dose at 10 and 15 C. Puparial mortality ranged from 97.2 to 100% at all doses and durations at 20 C with no survivors at the highest dose for 3 d and the mid-and highest dose for 4 d. Bale compression is currently used in the first phase of a multiple quarantine treatment to control potential Hessian fly contaminants in exported hay. The novel fumigant may have application as a single quarantine treatment for noncompressed, standard exported bales.
Introduction
Hessian fly, Mayetiola destructor (Say) (Figs. 1 and 2), can be of regulatory concern if the puparial stage occurs in weeds that may contaminate hay exported to Asia-Pacific and Middle East countries (Yokoyama 2012) . Hay compression to produce export size bales is highly effective alone in controlling puparia, and when combined with hydrogen phosphide fumigation, complete insect control is achieved (Yokoyama et al. 1993a (Yokoyama et al. , b, 1994a (Yokoyama et al. , b, 1996 (Yokoyama et al. , 1999 Yokoyama and Miller 2003; Yokoyama 2011 Yokoyama , 2014 . In addition to hay processing and treatment procedures, field sanitation and hay harvesting practices cause a high level of insect mortality (Yokoyama and Cambron 2013) , further reducing the risk of insect contamination in bales shipped domestically and to foreign markets.
Bale compression has also been used to control other pests of concern such as cereal leaf beetle, Oulema melanopus (L.), in interstate shipments of hay (Yokoyama and Miller 2002) . The use of bale compression as a single treatment has been proposed to control Hessian fly (Yokoyama et al. 1993b; Tabil et al. 2006 Tabil et al. , 2011 , but the multiple treatment combining bale compression and fumigation provides a higher level of quarantine security. Bale compressors have greatly improved since they were first developed to produce export bales and incorporated into a quarantine treatment component (Yokoyama et al. 1993b ). Modern compressors have been designed to compress hay into export sizes using high levels of pressure with rapid recovery of the hydraulic system to expedite formation of each bale. Ongoing testing of new compressors for control of Hessian fly puparia would support continuous use and verification of efficacy of the compression phase in the multiple quarantine treatment.
The multiple quarantine treatment for compressed standard bales and film-wrapped compressed standard bales (Yokoyama et al. 1999) , and large-size, polypropylene fabric-wrapped bales (Yokoyama 2011 ) was approved by U.S. and foreign regulatory agencies for control of Hessian fly. The duration of the fumigation phase of bales in freight containers in the multiple quarantine treatment is 7 d, but a 3-d fumigation period was proposed (Yokoyama 2014 ) to expedite handling procedures and reduce costs to process hay for export markets. Hydrogen phosphide liberated from aluminum phosphide tablets is currently used for fumigations, but other alternative formulations are available, including a hydrogen phosphide and carbon dioxide gas mixture in cylinders. The gas mixture would be advantageous because the toxicant would be dispensed immediately into the freight container, reducing the additional time required for gradual liberation of fumigant from tablets. However, a cylinderized gas mixture has not been tested on Hessian fly puparia.
The objective was to verify Hessian fly mortality from bale compression in modern compressors, and to determine insect response to a mixture of hydrogen phosphide and carbon dioxide gas as a potential fumigant in the multiple quarantine treatment for exported hay.
Materials and Methods
Hay Compressors. Hessian fly puparial mortality after compression in export bale compressors was determined in bales weighing 55 kg using a Double Press (Double Press Manufacturing, Madras, OR) and Hunterwood FC 9000 (Hunterwood Technologies, Cochrane, AB, Canada) compressor; and, in a largesize bale weighing >499 kg using a Hunterwood FC7700 compressor.
Insects. Hessian fly was reared on wheat seedlings in glass greenhouses at the U.S. Department of Agriculture-Agricultural Research Service (USDA--ARS), West Lafayette, IN, and Parlier, CA, locations using methods described by Yokoyama et al. (1996) . Wheat seedlings were planted in flats (11 rows per flat; 36 cm in width by 51 cm in length by 6.5 cm in height) with 14 flats per greenhouse bench. The number of wheat seedlings per row was calculated from the mean 6 SEM of 11 rows selected at random, with one to two rows per flat. After infestation, wheat seedlings infested with Hessian fly puparia were harvested by cutting the plants below the roots. Excess roots, soil, and leaves above the stems were removed.
Controls were handled according to previously developed procedures (Yokoyama et al. 1994a, b) . Rows of wheat seedlings infested with Hessian fly puparia selected at random were used for compressor test controls. In basic fumigation tests, 100 infested wheat seedlings selected at random were used for each control replicate. When rows of wheat seedlings were used for controls, the number of plants in each row of 6-11 replicate rows was counted. Each control was placed on a plastic pot (10.0 cm in diameter at the rim by 7.1 cm in diameter at the base by 10.2 cm in height; Model 1255, Anderson Die and Manufacturing, Portland, OR) filled with vermiculite to a depth of 7.6 cm and saturated with water. If the amount of wheat seedlings was too large for the pot, the number was divided and placed on separate pots. A cage cover was made with a clear plastic cup (8.5 cm in diameter at the rim by 5.8 cm in diameter at the base by 10.7 cm in height; Model KC12S, Fabri-Kal, Kalamazoo, MI) that had a 3-cm-diameter hole cut in the bottom and a 1.2-cm hole cut in the side. The bottom hole was used for ventilation and was covered with nylon net held in place with hot glue. The side hole was used for access to aspirate emerging adults and was closed with a size 00 rubber stopper. The cage was inverted and placed over the infested wheat seedlings in the pot. The pots were placed on trays, watered as needed, and held in the laboratory at 22 C. Each caged pot was considered a replicate and visually inspected daily. Occasionally the pots were inspected at 2-3-d intervals when daily examinations were not possible. Hessian fly adults that emerged were counted, removed by aspiration, and the number recorded. The controls were inspected in this manner until no adults were detected for a minimum of 20 d. At the end of the evaluation period, the infested wheat seedlings and the top of the vermiculite in each pot were inspected for dead Hessian fly adults. Dead adults were added to the total number recorded for each pot. The number of adults reared per plant was calculated from the number of Hessian fly adults emerging from the total number of wheat seedlings infested with puparia per replicate and reported as the mean 6 SEM of the replicates in each control.
Bale Compression. Three to eight rows of wheat seedlings infested with Hessian fly puparia were placed in fabric exposure bags (20 cm in width by 30 cm in length) made of nylon organza with two pouches Yokoyama et al. (1987) except for the following fumigations: One replicate per chamber at 5 C, two replicates at 10 and 15 C, and six replicates at 20 C. The chambers were held in an insulated, walk-in storage container maintained at each fumigation temperature. Hydrogen phosphide (1.8-2%) and carbon dioxide (97.8-98%) gas mixture in a cylinder (ECO 2 FUME, Cytec Industries, West Paterson, NJ) was dispensed at low, mid-, and high dosages of 500 ppm (710.6 ml), 750 ppm (1,065.9 ml), or 1,000 ppm (1,421.1 ml) into each chamber, respectively. Fumigation durations were 0 for controls, 2, 3, or 4 d at each temperature of 5, 15, and 20 C, and 3 and 4 d at 10 C. One chamber was used per dose, duration, and temperature, except at 5 C three chambers were used. Temperatures inside the walk-in container were determined with data loggers (HOBO Pro v2, U23-002, Onset Computer, Bourne, MA) with a temperature sensor on a 1.8 -m cable set to monitor hourly temperatures.
Hydrogen phosphide concentrations were determined with a gas chromatograph (model GC-9A, Shimadzu Scientific Instruments, Columbia, MD) with a Flame Photometric Detector and GS-Q column (0.53 mm by 30 m; Agilent Technologies, Santa Clara, CA). Temperatures for the injector, oven, and detector were 120, 90, and 120 C, respectively. The helium gas flow rate was 1.2 kg/cm 2 , and the make-up gas flow rate was 4 kg/cm 2 . Gas samples were collected with a gastight syringe through a septum in tubing from each chamber, and injected into the gas chromatograph using a gas-sampling valve with a 0.25-ml loop. Retention time for hydrogen phosphide was 0.7 min. Hydrogen phosphide concentrations were reported as mg/liter and concentration multiplied by time (Ct) products were calculated according to Bond (1984) .
Evaluation of Hessian Fly Survival
After bale compression, the exposure bags were retrieved and the compressed wheat seedlings infested with Hessian fly puparia from the top and lower pouches were divided in half. Compressed wheat seedlings and wheat seedlings (100) that were exposed to fumigation in basic tests were placed on a pot of vermiculite saturated with water, covered with a plastic cage, and handled in the same manner as the unexposed controls. Wheat seedlings exposed to fumigation at 5 C were divided before placement on pots. The presence of an adult was used as the criteria of treatment survival. Adult emergence was observed during a 21-61-d evaluation period that varied among the tests followed by an additional 20 consecutive days or more of no adult emergence in treated and control pots. Thereafter, the bottom of the caged pots containing infested wheat seedlings that had been exposed to compression and fumigation were examined for dead Hessian fly adults. The total number of Hessian fly puparia exposed to compression or fumigation was calculated by multiplying the number of wheat seedlings used in the test by the number of Hessian fly adults reared per plant in the controls.
Percentage mortality for compression tests and each fumigation temperature was calculated from the number of survivors in each replicate divided by the number of adults emerging in controls and reported as the mean 6 SEM among the replicates. Percentage mortality in basic fumigation tests was arcsine-transformed and compared among the doses and durations using a two-way analysis of variance (GraphPad Software 2012, San Diego, CA).
Results
In bale compression tests, calculation of the number of Hessian fly puparia tested per bale in three modern hay compressors is shown in Table 1 (Table 2) .
Results for basic fumigation tests are shown in Table 3 , including temperatures inside the fumigation containers, fumigation chamber doses, and accumulative Ct products for all durations, and the number of Hessian fly adults reared per plant. An increase in Hessian fly puparial mortality (Table 3) Puparial mortality ranged from 97.2 to 100% at all doses and durations at 20 C ( Fig. 6 ) with no insect survivors at the highest dose for 3 d and the mid-and highest dose for 4 d (Table 3) .
Discussion
Bale compression was first introduced as the first phase of a multiple quarantine treatment for exported hay in the early 1990s (Yokoyama et al. 1993b) . The most efficient compressors were capable of producing 80 kg/cm 2 of pressure on each bale (Yokoyama et al. 1993) . Newly engineered compressors began to emerge in the 2000s that could increase pressure on the bales, reduce compression time, and expedite handling procedures. Modern bale compressors are capable of producing 139 kg/cm 2 of pressure and attaining 99.99% control of very high numbers of Hessian fly puparia (Table 2) .
Hay imported from the western states fulfills many foreign market demands, including different species of hay for specific animal and livestock feed requirements and varying bale styles to facilitate handling by buyers (Yokoyama 2014) . To produce such products, compressors make specific size bales, and then manufacture smaller sizes from the same bales. The original and smaller bales are wrapped for shipping with film, polypropylene fabric sleeves, or straps. Bale sizes are made to conveniently load into freight containers for ocean freight.
Three compressors were evaluated in this study, two produced compressed standard bales weighing 55-57 kg wrapped with four or six straps, and one that produced a large-sized 417 kg bale wrapped with polypropylene fabric (Table 2 ). Compression to produce the bales resulted in very high rates of mortality of large numbers of Hessian fly puparia artificially placed in the hay. As new bale compressors are developed to Table 3 . Mean 6 SEM temperatures, durations, doses, cumulative Ct products, adults in controls, and percentage mortality of calculated number of Hessian fly puparia exposed to a hydrogen phosphide and carbon dioxide fumigation produce specialized hay products, testing for Hessian fly control will be performed to support implementation of bale compression as a quarantine control procedure. Such work provides trade partners with additional evidence that Hessian fly will not be accidentally introduced through hay imported from the United States.
The cylinderized hydrogen phosphide and carbon dioxide gas mixture was efficacious at 20 C for control of Hessian fly puparia in basic fumigation tests (Table 3 ; Fig. 6 ). The expected fumigant dose, time-mortality relationships in which response increases with an increase in dose, and exposure duration were not evident at lower temperatures and shorter durations (Table 3; . Consistent insect response to a toxicant is a good characteristic for a chemical quarantine treatment in which predicted levels of mortality are needed. Complete control was attained at the highest doses and durations at 20 C (Fig. 6 ), so use of the fumigant mixture is basically limited to this temperature to fulfill requirements for quarantine control of Hessian fly. In addition, the selected fumigation schedule including temperature, dose, and duration must be tested in large-scale commercial tests using extraordinary high numbers of Hessian fly puparia to confirm efficacy.
An advantage for using hydrogen phosphide gas mixtures are reports of efficacy in controlling insects at temperatures as low as 2 C (Liu 2008) . Low-temperature fumigations would be especially useful for hay exports during the winter in the northwestern states. Use of warming barns to attain temperatures at 20 C for fumigation would not be necessary under many C after 2-4-d exposures to three doses of a hydrogen phosphide and carbon dioxide gas mixture. winter conditions. Warming barns limit the amount of hay that can be treated, and a greater number of freight containers could be fumigated outdoors. However, use of the cylinderized gas mixture in this test at temperatures <20 C did not show consistent high levels of insect control.
A multiple quarantine treatment using bale compression combined with a 3-d fumigation at 20 C with aluminum phosphide tablets is in the process of approval and certification for hay exports to Japan (Yokoyama 2014) . Therefore, the cylinderized gas mixture would not be a suitable replacement for tablets because the fumigation duration would be similar, and packaged tablets facilitate fumigant handling and dispensing. The cylinderized gas mixture has greatest potential as a single quarantine treatment for exported, noncompressed standard field bales (Storey and Hatchett 1978) . The single treatment was developed in the 1970s and uses aluminum phosphide tablets, but is a 7-d fumigation. The duration of the single treatment could be reduced to 3 d with the cylinderized gas mixture and expedite handling time prior to shipment.
Hessian fly control in hay exports can be achieved through the systems approach in which many cultivation and processing procedures are combined to achieve quarantine pest control (Jang and Moffitt 1994, Secretariat of the International Plant Protection Convention [SIPPC] 2006). Insect control techniques begin in the field and hay grown for export is inspected for weed contaminants during cultivation. Only fields without weeds are accepted for harvest and export to eliminate any potential Hessian fly infestations. After the hay is harvested and raked into windrows, very high mortality of Hessian fly puparia occurs during the drying process in tests conducted in the western states (Yokoyama and Cambron 2013) . The hay is then baled in the field, and the field bales are cured. Field baling and curing alone were shown to cause 100% mortality of Hessian fly puparia (Yokoyama et al. 1994a) . Cured bales that are treated with a multiple quarantine treatment using bale compression and a 3-d hydrogen phosphide fumigation of 2.16 g/m 3 at 20 C confirms negligible risk for any residual Hessian fly puparia in U.S. hay exports (Yokoyama 2014) . Based on this study, in a systems approach for Hessian fly control, bale compression in modern hay compressors can be used as a single quarantine treatment and provide the same level of security.
